Adenine nucleotides and nucleosides depress the contractility of the rat atrium as has been shown previously for cardiac tissue of other species. It was found that this depression was accompanied by a marked shortening of the action potential, due to a more rapid rate of repolarization, without marked effects on other atrial characteristics. The evidence points to the site of action as the cell membrane rather than the intracellular contractile systems. The purine-riboside moiety is the basic unit required for activity and combination of this group with sites in the membrane apparently leads to an increased permeability to potassium following depolarization. N UMEROUS investigations have been made of the effects of adenine compounds on cardiac function since the initial report of Drury and Szent-Gyorgyi, 1 in which the depressant effects of adenosine and AMP* were observed, but the results in many cases have not been consistent, due perhaps to impurities in the early preparations of the nucleotides and to the use of different species. For example, the isolated frog heart has been reported to be stimulated, 2 unaffected 3 ' 4 and depressed 6 by ATP. Earlier findings that adenosine and the adenine nucleotides could occasionally stimulate the perfused or intact mammalian heart were probably attributable to the potent coronary dilating action 6 and most studies with isolated mammalian atria have shown only varying degrees of depression. There is still no agreement as to the relative potencies of ATP, ADP, AMP and adenosine in depressing the heart. However, it is certain that these compounds may often produce potent pharmacologic effects on cardiac and smooth muscle, in all probability unassociated with their direct role in energy metabolism. Most workers have discussed their results in terms of the possible From the Department of Pharmacology, School of Medicine, University of Southern California, Los Angeles, Calif.
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effects of these substances on the contractile proteins of the muscle. Our previous results, 7 showing the marked effects of metabolic disturbance (substrate depletion, anoxia and DNP), led us to investigate the actions of the adenine nucleotides and their components on the electric behavior of the cardiac cell to determine if the alterations in function could be attributed to a membrane effect rather than to an action on the contractile elements.
METHODS
The membrane potentials and mechanical activity of rat atria electrically stimulated at a rate of 200/min. in Krebs-Ringer-bicarbonate medium at pH 7.4 and 30 C. were determined simultaneously using microelectrodes and a strain gage as previously described. 8 Solutions of the substances tested, as their sodium salts when necessary, were prepared in tissue medium, adjusted to pH 7.4, brought to 30 C. and saturated with the standard gas mixture of 95 per cent oxygen and 5 per cent carbon dioxide.
RESULTS
The effects of ATP, ADP, AMP and adenosine on the rat atrium were found to be almost identical; however, adenine, ribose, phosphate or pyrophosphate were essentially without effect. All substances were tested at three concentrations and the per cent changes in each cardiac characteristic are given in table 1. Each substance was examined on four to five atria and the results are averages of between 100 to 150 cell penetrations compared with 200 to 250 control readings. Since the four active substances acted similarly, the total results were averaged and are presented in table 2 in order to increase the accuracy of the changes observed, and it may be seen that 349 Circulation Research, Volume V, July 19S7 definite and reliable trends with increasing concentration are present even in those characteristics not markedly affected. Only depression of the contractility was observed at all concentrations and two experiments with ATP at 0.01 mM showed a slight depression (-4.7 per cent) even at this concentration. This reduction in contraction was invariably accompanied by a shortening of the action potential, i.e, an acceleration of the rate of repolarization. In addition, a small but definite depression of the action potential was observed, the resting potential being relatively unaffected, so that the overshoot was reduced iit each case. No definite changes were observed in the conduction rate, the latent period or in the form of contraction. The effects on contractility and the duration of the action potential were very rapid and occurred maximally within a minute after addition of the substance to the tissue. No post-wash stimulation was observed following removal of the substances from the bath. Inosine and desoxy-adenosine at 1 mM produced effects quantitatively similar to those observed with adenosine as shown in table 2. Guanosine exerted a less potent effect in a saturated solution but its concentration was less than 1 mM. The characteristic effects of adenosine on the atrium are thus given by several nucleosides and are not specifically related to the adenine moiety. Neither creatine nor creatine-phosphate at concentrations from 0.1 to 1 mM produced any marked changes in the atrial properties as shown in table 2.
Possibility of Impurities as the Active Agents. Although it was unlikely that an active impurity would be present in all the depressant substances at similar concentrations, several possibilities were examined. That the effects were not due to small amounts of acetylcholine was shown by the inability of atropine (10~6 M) to alter the response to either ATP or adenosine. Drury and Szent-Gyorgyi 1 and later workers have also shown that atropine would not prevent the cardiac effects of adenosine and the nucleotides. This also demonstrates that the effects were not mediated through acetylcholine formed or released in the tissue. The possibility of histamine as an impurity was ruled out by showing that 0.01 mM histamine exerted only negligible effects on the rat atrium ( -2.6 per cent change in contractility and no changes in resting or action potentials).
Action of Adenosine in Phosphate-Free Medium. The possibility that adenosine was active only after phosphorylation with inorganic phosphate in the medium was shown to be unlikely since adenosine exerted its full effect in the complete absence of phosphate in the medium. The possibility of a rapid phosphorylation through ATP could not be ruled out.
Action of Ammonium Chloride. Enzymes for the deamination of nucleosides and nucleotides are present in the heart and it has been postulated that this reaction can occur under the conditions of the present work. 9 It was considered that the ammonium ion released might account for the effects observed. However, ammonium chloride at 0.1 and 1 mM had no demonstrable effects on any atrial characteristic.
DISCUSSION
The depressant action exerted by ATP and related substances on the atrium would appear to be due to a direct action of these substances rather than to any impurity, interconversion to a single active form or metabolic degradation product. In a series of interconvertible substances it is always possible that only one is active and the others are transformed into it by the tissue. No evidence for such transformations was found in the present case. All the active substances exerted their maximal effects rapidly (in most cases the maximal effect was shown at the first reading taken at 30 sec.) without a lag period that might be indicative of interconversion. Very active enzymes for these reactions at the cell surface cannot be excluded but are certainly not likely. The marked effects on the membrane properties, the generally accepted impermeability of cells to nucleotides and the rapidity of action all suggest that the site of action is the cell membrane. The relative effects on contractility and repolarization are very similar to those produced by acetylcholine, i.e., the percentage change in the duration of the action potential is greater than the change in the developed tension, 10 in contrast to metabolic depression (anoxia, substrate depletion and DN'P) which reduces the contractility relatively more. 7 It is possible that this also signifies an action of the nucleotides on the membrane.
Consideration of the structural requirements for activity leads to the conclusion that the purine-riboside (or desoxyriboside) portion is the basic unit, since removal of the sugar eliminates all activity and phosphorylation does not alter the activity, and, in addition, ribose, phosphate and pyrophosphate are all inactive. A similar conclusion was reached with respect to the coronary dilating action." Specific binding of this group to certain components of the membrane may bring about the changes in repolarization rate observed.
It is clear that the activity is unassociated with high-energy content as has been postulated with ATP and ADP since AMP and adenosine possess no high-energy phosphate bonds. Falk 12 has shown that contractions induced by ATP in skeletal muscle are due to depletion of Ca ++ as a result of binding of this ion by the ATP, rather than to a direct effect of ATP on the membrane or contractile system. Such an effect on Ca"*"*" is not involved here for several reasons: (1) calculation shows that 0.1 mM ATP would reduce the Ca++ concentration only from 1.20 to 1.11 mM and it has been found that this small reduction in Ca++ does not produce the effects observed with ATP, (2) adenosine is active and yet does not bind Ca++ and (3) pyrophosphate does bind Ca 4 "*" and is not active. Competitive interference of the active adenine compounds with coenzymes possessing similar groups (e.g., DPN or FAD) in reactions within the membrane is possible but unlikely in the concentration range employed here. No such inhibition has been observed on electron transport systems in heart mitochondria. The basic mechanism of action must remain unanswered for the present.
The primary effect of these substances would seem to be an acceleration of repolarization. The slight reductions in resting and action potentials are probably neither due to nor the cause of this more rapid repolarization since acetylcholine induces a similar change in repolarization and alters the membrane potential magnitudes in the opposite direction. 10 Since adenine also reduces the resting and action potentials without affecting the rate of repolarization, it is possible that the two effects are independent. The increased K + -efflux following depolarization brought about by ATP and related substances must be due to an increased permeability of the membrane to K + as a consequence of the combination of these substances with certain sites in the membrane. A purely electrostatic effect, such as one might postulate for the negatively charged nucleotides, is made unlikely by the activity of adenosine. The similar effects of ATP and DNP on repolarization make it evident that different membrane mechanisms or sites are involved, assuming that the action of DNP is due to a reduction in ATP level.
In connection with certain effects observed by others, it may be noted that the shortening of the absolute refractory period observed by Drury and Szent-Gyorgyi 1 may be accounted for by the reduction in the duration of the action potential and the potentiation effects between ouabain and the adenine compounds observed by Rand, Stafford and Thorp 13 may be related to the fact that all these substances can accelerate repolarization. 14 The lack of effect of the adenine compounds on the ventricle is interesting 1 and might imply the absence of ventricular membrane groups capable of binding these substances.
SUMMARY
The adenine nucleotides (ATP, ADP and AMP) and certain purine nucleosides (adenosine, inosine and desoxy-adenosine) were found to act as atrial depressants of equal potency, whereas adenine, ribose, phosphate and pyrophosphate were completely inactive. The reduction in contractility was accompanied by a marked shortening of the duration of the action potential with only minor effects on the magnitudes of the resting and action potentials. This increased rate of repolarization is probably not due to interconversion of the substances, to ammonium ions resulting from deamination of these substances, to impurities or to depletion of calcium. The accelerated potassium efflux is attributed to an increased permeability of the membrane to potassium brought about by combination of the purine-riboside moiety with sites in the cell membrane.
SUMMAHIO IN INTEHLINGUA
Esseva constatate que le nucleotidos a adenina (ATP, ADP, e AMP) e certe nucleosidos a purina (adenosina, inosina, e disoxy-adenosina) age como depressores atrial de potentia equal, durante que adenina, ribosa, phosphato, e pyrophosphato es completemente inactive. Le reduction del contractilitate esseva accompaniate de un marcate diminution del duration del potential de action, con solmente minor effectos super le magnitude del potentiales de reposo e de action. Iste intensification del repolarisation non es causate, il pare, per le interconversion del substantias, per iones de ammonium resultante ab le disamination de iste substantias, a impuritates, o al depletion de calcium. Le accelerate effluxo de kalium es attribuite a un augmentate permeabilitate del membrana pro kalium que es effectuate per le combination de ribosido a purina con sitos in le membranas cellular.
